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Optical Mapping of the Isolated
Coronary-Perfused Human Sinus Node
Vadim V. Fedorov, PHD,* Alexey V. Glukhov, PHD,* Roger Chang, BSC,* Geran Kostecki, BSC,*
Hyuliya Aferol, BSC,* William J. Hucker, MD, PHD,* Joseph P. Wuskell, PHD,‡
Leslie M. Loew, PHD,‡ Richard B. Schuessler, PHD,† Nader Moazami, MD,† Igor R. Efimov, PHD*
St. Louis, Missouri; and Farmington, Connecticut
Objectives We sought to confirm our hypothesis that the human sinoatrial node (SAN) is functionally insulated from the
surrounding atrial myocardium except for several exit pathways that electrically bridge the nodal tissue and
atrial myocardium.
Background The site of origin and pattern of excitation within the human SAN has not been directly mapped.
Methods The SAN was optically mapped in coronary-perfused preparations from nonfailing human hearts (n  4, age
54  15 years) using the dye Di-4-ANBDQBS and blebbistatin. The SAN 3-dimensional structure was recon-
structed using histology.
Results Optical recordings from the SAN had diastolic depolarization and multiple upstroke components, which corre-
sponded to the separate excitations of the SAN and atrial layers. Excitation originated in the middle of the SAN
(66  17 beats/min), and then spread slowly (1 to 18 cm/s) and anisotropically. After a 82  17 ms conduc-
tion delay within the SAN, the atrial myocardium was excited via superior, middle, and/or inferior sinoatrial con-
duction pathways. Atrial excitation was initiated 9.4  4.2 mm from the leading pacemaker site. The oval
14.3  1.5 mm  6.7  1.6 mm  1.0  0.2 mm SAN structure was functionally insulated from the atrium by
connective tissue, fat, and coronary arteries, except for these pathways.
Conclusions These data demonstrated for the first time, to our knowledge, the location of the leading SAN pacemaker site, the
pattern of excitation within the human SAN, and the conduction pathways into the right atrium. The existence of
these pathways explains why, even during normal sinus rhythm, atrial breakthroughs could arise from a region
parallel to the crista terminalis that is significantly larger (26.1  7.9 mm) than the area of the anatomically
defined SAN. (J Am Coll Cardiol 2010;56:1386–94) © 2010 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2010.03.098(
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Tespite numerous detailed studies of the origin of excitation
n the sinoatrial node (SAN) of many animal species, only
xcitation of the atrial myocardium and indirect measure-
ents of SAN function have been recorded in humans
1–3). The major obstacle is the inability of epicardial and
ndocardial electrode mapping to determine the excitation
rigin and slow propagation of action potentials within the
-dimensional (3D) structure of the SAN before it activates
he adjacent atrial myocardium (4–6). Numerous epicardial
rom the *Department of Biomedical Engineering, Washington University, St.
ouis, Missouri; †Department of Surgery, Washington University School of Medi-
ine, St. Louis, Missouri; and the ‡Berlin Center for Cell Analysis and Modeling,
niversity of Connecticut Health Center, Farmington, Connecticut. The project was
upported by the following grants: AHA BGIA 0860047Z (to Dr. Fedorov), NIH
01 HL085369 (to Dr. Efimov), NIH R01 HL 032257 (to Dr. Schuessler), and NIH
01 HL085113 (to Dr. Schuessler). All authors have reported that they have no
elationships to disclose.d
Manuscript received December 5, 2009; revised manuscript received February 25,
010, accepted March 23, 2010.7,8) and endocardial (9) mapping studies demonstrated
natomically widespread sites of early atrial activation,
hich sometimes fire simultaneously. Such multifocal acti-
ation started simultaneously during normal sinus rhythm
SR) in humans in 2 to 5 foci located 1 cm apart. The
trial breakthroughs were reported to arise at the epicardial
nd/or endocardial region along the crista terminalis (CT),
ver a region 7.5 cm (8,9) in length. That region is
ignificantly larger than the length of the anatomical SAN,
hich is only 10 to 18 mm (10,11). Thus, the origin of
xcitation and pattern of transmural conduction within the
uman SAN remain unknown.
See page 1395
Several hypotheses were proposed to explain the relationship
etween anatomical structure and function of the SAN (4).
he Boineau-Schuessler SAN model (4,12) hypothesized
iscrete sinoatrial exit pathways (SEPs) to explain the multi-
f
a
i
i
S
d
c
t
a
a
o
k
m
w
a
M
I
p
p
s
p
T
t
d
b
t
i
s
s
c
a
8
p
N
r
l
T
t
a
c
e
w
e
i
p
p
F
o
c
4
1
t
E
p
d
f
s
(
s
o
t

f
c
p
t
n
p
p
S
p
S
o
4

U
O
I
m
(
O
c
o
p
o
3
o
t
a
o
A
(
O
l

c
a
m
d
a
H
s
S
1387JACC Vol. 56, No. 17, 2010 Fedorov et al.
October 19, 2010:1386–94 Human Sinoatrial Node Mappingocal atrial surface activation and shifting site of earliest
ctivation. Boineau and Schuessler hypothesized that depolar-
zation originates and slowly spreads within the SAN and then
s transmitted to the atria via several specialized conduction
EPs. We recently presented functional and structural evi-
ence in support of the Boineau-Schuessler hypothesis for the
anine SAN, which is anatomically and functionally similar to
he human SAN (5,13). In that study, we developed a new
nalytical approach that was utilized to resolve the intramural
ctivation pattern of the canine SAN from high-resolution
ptical action potential recordings (6).
The present study shows for the first time, to our
nowledge, optically mapped, coronary-perfused intact hu-
an atria, including the SAN during normal SR. Histology
as used to investigate the relationship between function
nd the 3D anatomic structure of the human SAN.
ethods
n vitro preparation of the human SAN. Optical map-
ing studies were conducted in 4 isolated coronary-perfused
reparations of the human SAN, similar to our previous
tudy of the human atrioventricular junction (14). Ex-
lanted donor hearts were obtained from Mid-America
ransplant Services. Hearts were rejected for transplanta-
ion due to age and/or cardiac arrhythmias and were
onated for research in accordance with a protocol approved
y the Washington University School of Medicine Institu-
ional Review Board. Hearts were cardioplegically arrested
n the standard fashion and then were removed with intact
uperior vena cava (SVC) and inferior vena cava (IVC), as
hown in Online Figure 1. Hearts were stored in cold
ardioplegic solution at 4°C during transport, dissection,
nd cannulation, with a total cold ischemic time of 60 to
0 min. The cardioplegic solution contained (in millimoles
er liter): 110 NaCl, 1.2 CaCl2, 16 KCl, 16 MgCl2, 10
aHCO3. Online Table 1 presents patient demographics.
The proximal right and left coronary arteries were sepa-
ately cannulated with a custom-made polyethylene cannu-
ae (inside diameter 0.86 mm; outside diameter 1.27 mm).
he ventricles were removed, and all ventricular branches of
he left and right coronary arteries were ligated. The entire
trial preparation was positioned in a temperature-
ontrolled glass chamber with the right atrial (RA) posterior
picardium facing the optical apparatus. The preparation
as instrumented with 2 bipolar pacing and recording
lectrodes placed on the RA free-wall epicardium and the
ntra-atrial septum (IAS) (Online Fig. 1). The human atrial
reparations were superfused (80 ml/min) and coronary
erfused using 2 pumps (Peri-Star 291, WPI, Sarasota,
lorida) under a constant pressure of 55  5 mm Hg with
xygenated (95%/5%, O2/CO2) modified Tyrode’s solution
ontaining (in millimoles per liter): 128.2 NaCl, 1.3 CaCl2,
.7 KCl, 1.05 MgCl2, 1.19 NaH2PO4, 25 NaHCO3, and
1 glucose. Temperature and pH were continuously main-
ained at 36  0.5°C and 7.35  0.05, respectively. axperimental protocol. The
reparations were equilibrated
uring SR in the tissue chamber
or 60 to 90 min before the mea-
urements were taken. Blebbistatin
10 to 20 mol/l) was perfused to
uppress motion artifacts in the
ptical signals (15). The prepara-
ions were stained with 10 to 40
mol/l di-4-ANBDQBS, an in-
rared voltage-sensitive dye, via
oronary perfusion (16). The SAN
reparations were restained with
he dye during the experiment as
eeded. No measurements were
erformed until 5 min after com-
leting the restaining procedure.
tability of the preparation was
eriodically verified by measuring
R cycle length (CL).
Fluorescent signals were recorded from the epicardial
ptical field of view (OFV) ranging in size from 30  30 to
0  40 mm2 with a spatial resolution of 300 to 400
m/pixel at a rate of 1,000 frames/s using a 100  100
ltima-L CMOS camera (SciMedia, Tokyo, Japan). The
FV included portions of the SVC, inferior SAN, CT, and
AS regions. Programmed atrial stimulation was used to
easure atrial conduction properties at different CLs
CL  500 to 1,000 ms).
ptical mapping data analysis and interpretation. A
ustom Matlab computer program was used to analyze the
ptical action potentials (OAP) in the SAN and the atria as
reviously described (6). Optical recordings contained flu-
rescent signals from the myocardium up to a depth of 1 to
mm (16–19). The methodological details of the SAN
ptical mapping are summarized in a review (20).
Sinoatrial conduction time (SACT) was the time be-
ween the earliest excitation in the SAN and the earliest
trial activation (breakthrough) determined by the second
ptical upstroke, which represented atrial excitation (Fig. 1).
ctivation times and corresponding conduction velocities
CV) were defined in the SAN layer using 50% of the SAN
AP amplitude (AP50%) (Fig. 1B) (6,21,22). The atrial
ayer activation times and pattern were defined by the
dV/dtmax of the atrial OAP component (Fig. 1B). The
onduction block zone for atrial activation was defined as an
rea with CV 20 cm/s (Fig. 1C).
The slope of the slow diastolic depolarization was deter-
ined by measuring the slope of a linear fit of diastolic
epolarization and normalizing its amplitude to the OAP
mplitude.
istology. Histology was performed as previously de-
cribed (21). After optical mapping experiments, human
AN preparations (n  4) were perfused with 3.7% form-
Abbreviations
and Acronyms
3D  3-dimensional
CL  cycle length
CT  crista terminalis
CV  conduction velocity
IAS  intra-atrial septum
IVC  inferior vena cava
OFV  optical field of view
RA  right atrial
SACT  sinoatrial
conduction time
SAN  sinoatrial node
SEP  sinoatrial exit
pathway
SR  sinus rhythm
SVC  superior vena cavaldehyde, frozen in isopentane, cryosectioned perpendicular
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Human Sinoatrial Node Mapping October 19, 2010:1386–94o the epicardium, and then stored at 80°C until staining
nd imaging was performed (Fig. 1D).
esults
onduction within the SAN. Figure 1 illustrates the
unctional and anatomical boundaries of the human
AN #1. The SAN region was functionally defined from
Figure 1 Epicardial Optical Mapping of the Human RA Preparat
(A) Epicardial photographs of a perfused human atrial preparation with a 33  33
and white circles show all other breakthroughs recorded by optical mapping (see
white dashed line shows the location of the sulcus terminalis, which is the media
border of the SAN region. In all panels, the black dashed line shows the location
the center of the SAN (site 1), the atrial breakthrough in CT (site 2), and block are
complex morphology that reflects electrical activity from multiple layers of the tissu
upstrokes of the atrial myocardium (atrial component) above the SAN layer. (C) Se
The gray squares on the atrial and SDD maps show the SAN region that was map
directions. (D) This panel shows a single transmural histology section from the
dV/dtmax  maximum derivative of the atrial upstroke; endo  endocardial; epi 
conduction time; SCL  sinus cycle length; SVC  superior vena cava.he morphology of OAPs according to 2 criteria: presence of lslow diastolic depolarization and upstrokes with multiple
omponents corresponding to activation in different layers
f conduction (Figs. 1B and 1C, Online Fig. 2). The OAPs
ere then used to reconstruct 2 separate activation patterns:
low SAN excitation from the leading pacemaker (Fig. 1C, left
anel), and fast atrial excitation originating from the SEPs
Fig. 1C, middle panel). Slow SAN activation patterns near the
1
ptical field of view (OFV). The pink circle shows superior atrial breakthrough,
Fig. 4). The sinoatrial node (SAN) arteries are shown by blue dotted lines. The
rdial edge of the crista terminalis (CT). The pink oval shows the approximate
intra-atrial septum (IAS) block zone (Block). (B) Optical action potentials from
3) in A and C during normal sinus rhythm (SR). Optical recordings show the
luding slowly rising upstrokes of the SAN (SAN component) and rapidly rising
d SAN and atrial activation maps, and slow diastolic depolarization (SDD) map.
hite numbers with arrows show values of the conduction velocities in these
r part of the SAN. AP50%  50% of the amplitude of the SAN component;
dial; IVC  inferior vena cava; RAA  right atrial appendage; SACT  sinoatrialion #
mm o
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October 19, 2010:1386–94 Human Sinoatrial Node MappingFig. 1, Online Figs. 3 to 5). The intranodal activation began
n the center of the SAN (OAP #1) and spread anisotropically
long the CT, being faster in the inferior and superior
irections. Under control conditions, CV within 2 to 3 mm of
he leading pacemaker site (n  4) were 8.7  3.8 cm/s and
.5  1.3 cm/s in the superior and inferior directions, respec-
ively; 6.1  5.3 cm/s in the lateral direction toward the CT;
nd 3.5 2.6 cm/s (p 0.05 vs. superior CV) medially toward
he septum, with a maximum anisotropy CV ratio of 3.3 1.9.
Due to epicardial fibrosis and fat above the SAN,
ptically detected SAN areas were less than anatomical
rojections of the node on the epicardium: length 6.8  1.0
m versus 14.3  1.5 mm and width 4.8  0.5 mm versus
.3  1.5 mm, respectively. These anatomical features
revented complete reconstruction of the activation pattern
etween the SAN and atrial myocardium.
trial breakthrough sites. The sites of earliest epicardial
ctivation of the atrial working myocardium were defined as
trial breakthrough sites. In Figure 1, the breakthrough site
OAP #2), was detected 75 ms after the earliest SAN
Figure 2 Optical Mapping of the SAN Excitation During Superio
(A to C) Left: optical action potentials recorded from sites 1 to 3 on the activation
pacing for 5 to 10 min. Vertical dashed lines show the beginning of SAN and atria
during superior, bifocal, and inferior atrial breakthrough patterns, respectively. In a
the sinoatrial exit pathways from the SAN to the CT. Abbreviations as in Figure 1.ctivation and located 5 mm superior and lateral to the site
f the earliest SAN activation. On average, atrial break-
hrough during control conditions occurred 82  17 ms
SACT) after the earliest SAN activation, and these sites
ere located 9.4 4.2 mm superior or inferior to the site of
he earliest activation within the SAN. Following the
reakthrough, atrial activation rapidly spread along the CT
120 to 140 cm/s) and through the RA free wall (70 to 90
m/s), but slowly spread toward the IAS (OAP #3). His-
ology sections showed that the block area coincided with
he septal margin of the SAN, which was separated from
trial myocardial bundles in the IAS and CT by connective
issue, fat, and coronary arteries.
During SR, 2 preparations (#1 and #3) had a superior
reakthrough site, 1 (#2) had 2 breakthrough sites, and 1 (#4)
ad an inferior breakthrough site (Fig. 1, Online Figs. 3 to 5).
The sites of the leading pacemaker in the SAN and atrial
reakthrough remained stable for about 1 to 2 h during
xperiments. At the beginning of each experiment, after the
tabilization period (60 to 90 min), the SR CL ranged from
ocal, and Inferior Atrial Breakthrough Patterns (Heart #1)
, respectively. These optical potentials were recorded before and after atrial
ations, respectively. Right: activation maps of the SAN and atrial components,
ls, the pink circles show sites of atrial breakthrough; the pink arrows representr, Bif
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Human Sinoatrial Node Mapping October 19, 2010:1386–9451 to 1,120 ms. However, during the course of the
xperiment, the SR CL slowed from 951  206 ms to
,159  346 ms. As the SR CL slowed, the site of the atrial
reakthrough(s) could abruptly shift inferiorly toward the
VC. Atrial breakthrough sites also could be transiently
hifted by overdrive atrial pacing.
ffects of atrial pacing on SAN conduction. Following 1
o 10 min of overdrive atrial pacing, the superior atrial
reakthrough shifted inferiorly and/or multifocal break-
hroughs were observed (Fig. 2). Figure 2 shows the
ynamic changes of the SAN and atrial activation patterns,
hich were recorded in preparation #1 before (Fig. 2A) and
fter (Fig. 2B) 5 min of atrial pacing at the start of the
xperiment, and 2 h later (Fig. 2C). Before pacing, the atrial
ctivation pattern was unifocal, originating from the supe-
ior SEP (SACT  78 ms) (Fig. 2A). Atrial pacing slowed
onduction in the superior part of the SAN, and the
acemaker shifted 1 mm superior (Fig. 2B). Excitation then
ropagated through the lateral SEP faster than the superior
EP, resulting in a bifocal initiation of atrial activation with
o significant change in SACT (80 ms). Bifocal break-
hroughs abruptly switched to superior unifocal break-
hroughs less than 1 min after pacing was stopped.
Figure 3 Pacing-Induced Depression SAN Conduction and Shift
(A) OAPs recorded from 3 sites depicted in the activation maps (B) following the
SAN activity. Recordings from the SAN region demonstrate a slow activation (B, m
Activation maps during atrial pacing and the first spontaneous SAN excitation afte
showed slow propagation, with an average conduction velocity of 3.8 cm/s from th
about 16 mm below the leading pacemaker. The black dotted line shows conduct
tion. See text above for details. Abbreviations as in Figure 1.However, after 2 h, both the superior and lateral SEPs
ailed to conduct, and inferior unifocal atrial breakthrough
ccurred (Fig. 2C). Atrial pacing induced significant slow-
ng of SR and a 2-fold slowing of SAN conduction velocity,
s well as a 2-mm inferior shift of the earliest pacemaker.
AN excitation slowly propagated through the inferior SEP
nd reached the atria after a 157-ms delay, 15 mm inferior
o the site of the earliest activation within the SAN. CV
ould not be directly measured within the SEPs due to the
oor quality of signals. However, the CV could be estimated
y dividing the distance between SAN activation and atrial
reakthrough sites by the time difference, yielding a SEP
V of 3 to 12 cm/s.
Long coronary perfusion of the human atria resulted in
oth slowing of the SR CL and SAN conduction delay,
hich could extend to more than 400 ms. Figure 3 shows
uch an example of the pacing-induced conduction block
slowing) after 3 h of perfusion. After 5 min of atrial pacing
CL  1,000 ms), the OAP tracings from the leading
acemaker area (Fig. 3A) (OAP #1) demonstrated slow,
mall-amplitude signals, reflecting only SAN action poten-
ials. SAN excitation originated near the same leading
acemaker site as observed prior to pacing, but was blocked
rial Breakthrough (Heart #1)
ation of atrial pacing with an S1S1  1,000 ms and recovery of spontaneous
from the pacemaker layer more than 400 ms before the atrial component. (B)
nation of pacing. The first SAN excitation mapped after termination of pacing
ial and caudal ends of the SAN. This activation excited the atrial myocardium
ck to the IAS, which was observed during both pacing and spontaneous excita-of At
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October 19, 2010:1386–94 Human Sinoatrial Node Mappingn the superior SEP and slowly propagated at 3.7 cm/s
hrough the inferior SEP.
In all SAN preparations (n  4), epicardial optical
apping revealed at least 3 main atrial breakthrough sites,
hich corresponded to the superior, lateral, and inferior
EPs, with a maximum distance between them of 26.1 
.9 mm (Fig. 4).
elating SAN function to structure. Figure 4 shows a
ombination of functional and structural characteristics of
he human SAN #1. The left panels are 2 views of a single
reparation, and include anatomical annotations. From
early 300 Mason-Trichome histology sections of a single
uman heart, 23 histology images at different depths were
hosen to represent the structural features of the human
AN. In each of the selected histology images (right panel),
arious anatomical features were manually identified and
rawn using Rhinoceros software (McNeel, Seattle, Wash-
ngton), as previously described (23). The anatomical re-
ions included were the SAN, coronary arteries, fibrous
issue, fat, and the surrounding atrial tissue. The SAN was
dentified in the histology images as the dense fibrotic and
ardiomyocyte compact region near the epicardium. Dotted
utlines of the SAN and coronary arteries between the
istology images in the right panel depicted the structures of
Figure 4 Functional and Structural Features of the Human SAN
(A and C) Two perpendicular perspectives of the human SAN preparation (#1) incl
arrows; leading pacemaker site, purple dot; breakthrough sites, magenta dots) fe
had the same perpendicular orientation as in C. (B) A series of representative his
from superior to inferior ends of the SAN. Abbreviations as in Figure 1.hese 2 features throughout the SAN region. (Volume rendering of the anatomical features in the
uman heart sample was formed by connecting all of the
racings in each of the sections. Combining these volume
enderings of individual anatomic structured into 1 model
Fig. 5) allowed the functional observations to be related to
he anatomical features surrounding the SAN. Of note:
. The double-component SAN OAPs only occurred in the
structural SAN region.
. The fibrotic tissue and fat layers were significant con-
duction barriers.
. The SAN activation pattern and the sites of atrial
breakthroughs allowed tracking of the SEPs.
. Fat and fibrotic layers 1 mm thick between the SAN
tissue and the epicardium diminished the SAN
component.
iscussion
tructural and functional characteristics of the human
AN. This study used optical mapping to show for the first
ime the location of the leading pacemaker and the conduc-
ion pattern within and near the SAN during normal SR.
he human SAN is a complex 3D structure that is anatom-
cally and functionally isolated from the atrial myocardium
anatomical (arteries, blue lines; SAN, pink outline) and functional (SEPs, purple
. Gray dashed lines represent the location of histology sections shown in B and
slide images that trace the locations of the arteries (blue) and the SAN (red)#1
uding
atures
tologyCT and IAS) except for several SEPs (Fig. 5). Function-
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Human Sinoatrial Node Mapping October 19, 2010:1386–94lly, excitation of the SAN precedes the earliest excitation of
he atrial myocardium by 82  17 ms. SAN excitation is
hen transmitted from the SAN via superior, lateral, and/or
nferior SEPs that are located 9.4  4.2 mm from the
eading pacemaker site.
These observations support the Boineau-Schuessler hy-
othetical model of the SAN (4,12) and are in agreement
ith our prior report on the canine SAN (6). Previous
istological and immunohistochemical studies by James
10,13,24), Truex et al. (11,25), and Schuessler and col-
eagues (5,26) support our functional and structural data,
hich demonstrate that the canine and human SAN are
lectrically insulated from most of the nearby atrial myocar-
ium except for several SEPs. This conduction barrier is
ormed by the sinus nodal coronary arteries, connective
issue, and fat, as well as an abrupt change in Cx43
xpression between atrial and nodal cells (6,27).
Although the present study observed unifocal activation
n the SAN, there were bifocal breakthroughs in the atrial
yocardium (Fig. 2). Atrial overdrive pacing could slow
AN pacemaker activity and conduction within the SAN,
Figure 5 Anatomical 3D Model of the Human SAN #1
The anatomical features (fibrotic tissue, purple; fat, yellow; atrial, green; SAN, red
Rhinoceros software (McNeel) was used to reconstruct a 3-dimensional (3D) mode
observations (SEP, gold pathways; leading pacemaker excitation, white oval and
rounding the human SAN. (B) Top epicardial projections of the SAN tissues with a
Histology image of the zx-plane view in D. Abbreviations as in Figure 1.oth of which shifts the pacemaker 1 to 2 mm within the pode. The pacemaker shift caused excitation through a
ifferent SEP and activated the atria at inferior break-
hrough site. Figure 3 shows an example of a 2-mm
acemaker shift, which resulted in a 20-mm breakthrough
ite caudal shift. During normal SR, multifocal initiation of
trial activation did not originate from multiple simulta-
eous pacemakers, but rather corresponded to a single
eading pacemaker site within the SAN that simultaneously
xcited the atrium via multiple SEPs (Fig. 4). Under other
onditions, however, it is possible that subsidiary pacemak-
rs outside the SAN could cause a multifocal initiation of
ultifocal breakthroughs in the atrium.
The present study provides direct intranodal measure-
ents of CVs within 2 to 3 mm of the leading pacemaker
ite in the 4 human preparations, CV 0.9 to 14 cm/s (Fig. 1,
nline Figs. 3 to 5). These values are in agreement with
hose seen in other mammalian species (2,6,21,28,29).
owever, in the rabbit and other small mammals, the
ropagating wide wavefront moves from the leading pace-
aker at an accelerating speed directly toward the CT (21).
n contrast, in the canine (6) and human SAN, the
e series of perpendicular histology sections seen in Figure 4 were outlined, and
e human SAN #1. This model related the structural features with the functional
). (A) A collection of side projection images that display the multiple layers sur-
and SEPs. (C and D) Cross-sections in the zy- and zx-planes, respectively. (E)) in th
l of th
arrows
rteriesropagating wavefront slows down before and within chan-
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October 19, 2010:1386–94 Human Sinoatrial Node Mappingel(s) of SEP that are utilized to excite the atrial myocar-
ium. It is likely that conduction in these pathways slows
own due to a source–sink mismatch. A weak source of
urrent in the narrow exit pathway must excite the large load
f the hyperpolarized funnel-like expansion of the atrial
uscle. A similar behavior was studied in detail in 2D cell
ulture structures (30). We hypothesize that due to the 3D
ature of the SAN of large mammals, the node must be
ore electrically insulated from the surrounding 3D atrial
yocardium as compared with small mammals, which have
2D SAN and thin atrial myocardium.
tudy limitations. Diversity of the donor history (age,
rrhythmias, low ejection fraction, hypertrophy, and drugs
sed) could affect the present results. Rejected donor hearts
re not physiologically normal and are denervated, and
herefore, findings from this study cannot be fully extrapo-
ated to normal, healthy human hearts.
Duration of in vitro optical recordings was limited due to
ashout and/or photobleaching of the dye, and edema
6,31). We used blebbistatin, which had been successfully
pplied in rat and rabbit (15), canine (6), and human heart
14) models. However, it is possible that suppression of
echanical contractions by blebbistatin prevented activation
f stretch-sensitive channels, which can play a role in
acemaker activity in the SAN (32).
Our direct measurements of SACT (82 17 ms) and RA
Vs (70 to 160 cm/s) correlated well with clinical data
33–36), which suggests that the perfused preparations were
ell preserved.
We cannot exclude the potential influence of edema that
ay develop in a mechanically silent preparation and may
ffect SAN pacemaker and conduction properties.
Optical resolution is limited by the point-spread function
n tissue, which is 500 to 1,000 m, and further restricted by
cattering in epicardial fat and connective tissue in the SAN
egion. Therefore, we could not map the entire SAN and all
xit pathways in some hearts. However, consistency of
ignal morphology in the SAN region (i.e., the SAN
omponent preceding the atrial component) indicates that
e had conduction between the SAN and atrium via an exit
athway.
onclusions
hese data demonstrate for the first time, to our knowledge,
he location of the leading pacemaker and the conduction
attern within and near the intact human sinus node. The
resent study demonstrates functional insulation of the
uman sinus node from the atria, except for multiple SEPs.
hese pathways are important in the modulation of SR and
trial activation patterns. The presence of multiple SEPs
xplained the occurrence of multiple atrial breakthroughs
rising during normal SR from a region significantly larger
han the area of the anatomical SAN (26.1  7.9 mm)
arallel to the CT.eprint requests and correspondence: Dr. Igor R. Efimov,
epartment of Biomedical Engineering, Washington University,
ampus Box 1097, One Brookings Drive, St. Louis, Missouri
3130. E-mail: igor@wustl.edu.
EFERENCES
1. Boyett MR, Honjo H, Kodama I. The sinoatrial node, a heteroge-
neous pacemaker structure. Cardiovasc Res 2000;47:658–87.
2. Opthof T, de Jonge B, Jongsma HJ, et al. Functional morphology of
the mammalian sinuatrial node. Eur Heart J 1987;8:1249–59.
3. Verkerk AO, van Ginneken AC, Wilders R. Pacemaker activity of the
human sinoatrial node: role of the hyperpolarization-activated current,
I(f). Int J Cardiol 2009;132:318–36.
4. Schuessler RB. Abnormal sinus node function in clinical arrhythmias.
J Cardiovasc Electrophysiol 2003;14:215–7.
5. Bromberg BI, Hand DE, Schuessler RB, et al. Primary negativity does
not predict dominant pacemaker location: implications for sinoatrial
conduction. Am J Physiol 1995;269:H877–87.
6. Fedorov VV, Schuessler RB, Hemphill M, et al. Structural and
functional evidence for discrete exit pathways that connect the canine
sinoatrial node and atria. Circ Res 2009;104:915–23.
7. Durrer D, van Dam RT, Freud GE, et al. Total excitation of the
isolated human heart. Circulation 1970;41:899–912.
8. Boineau JP, Canavan TE, Schuessler RB et al. Demonstration of a
widely distributed atrial pacemaker complex in the human heart.
Circulation 1988;77:1221–37.
9. Cosio FG, Martin-Penato A, Pastor A, et al. Atrial activation
mapping in sinus rhythm in the clinical electrophysiology laboratory:
observations during Bachmann’s bundle block. J Cardiovasc Electro-
physiol 2004;15:524–31.
0. James TN. Anatomy of the human sinus node. Anat Rec 1961;141:
109–39.
1. Truex RC, Smythe MQ, Taylor MJ. Reconstruction of the human
sinoatrial node. Anat Rec 1967;159:371–8.
2. Boineau JP, Schuessler RB, Mooney CR, et al. Multicentric origin of
the atrial depolarization wave: the pacemaker complex. Circulation
1978;58:1036–48.
3. James TN. Anatomy of the sinus node of the dog. Anat Rec
1962;143:251–65.
4. Hucker WJ, Fedorov VV, Foyil KV, et al. Images in cardiovascular
medicine. Optical mapping of the human atrioventricular junction.
Circulation 2008;117:1474–7.
5. Fedorov VV, Lozinsky IT, Sosunov EA, et al. Application of bleb-
bistatin as an excitation-contraction uncoupler for electrophysiologic
study of rat and rabbit hearts. Heart Rhythm 2007;4:619–26.
6. Matiukas A, Mitrea BG, Qin M, et al. Near-infrared voltage-sensitive
fluorescent dyes optimized for optical mapping in blood-perfused
myocardium. Heart Rhythm 2007;4:1441–51.
7. Nikolski V, Efimov I. Fluorescent imaging of a dual-pathway
atrioventricular-nodal conduction system. Circ Res 2001;88:E23–30.
8. Baxter WT, Mironov SF, Zaitsev AV, et al. Visualizing excitation
waves inside cardiac muscle using transillumination. Biophys J 2001;
80:516–30.
9. Efimov IR, Mazgalev TN. High-resolution three-dimensional fluo-
rescent imaging reveals multilayer conduction pattern in the atrioven-
tricular node. Circulation 1998;98:54–7.
0. Efimov IR, Fedorov VV, Joung B, et al. Mapping cardiac pacemaker
circuits: methodological puzzles of the sinoatrial node optical map-
ping. Circ Res 2010;106:255–71.
1. Fedorov VV, Hucker WJ, Dobrzynski H, et al. Postganglionic nerve
stimulation induces temporal inhibition of excitability in the rabbit
sinoatrial node. Am J Physiol 2006;291:H612–23.
2. Fedorov VV, Hepmpill M, Kostecki G, et al. Low electroporation
threshold, conduction block, focal activity and reentrant arrhythmia in
the rabbit atria: possible mechanisms of stunning and defibrillation
failure. Heart Rhythm 2008;5:593–604.
3. Hucker WJ, McCain ML, Laughner JI, et al. Connexin 43 expression
delineates two discrete pathways in the human atrioventricular junc-
tion. Anat Rec (Hoboken) 2008;291:204–15.
22
2
2
2
2
3
3
3
3
3
3
3
K
n
F
1394 Fedorov et al. JACC Vol. 56, No. 17, 2010
Human Sinoatrial Node Mapping October 19, 2010:1386–944. James TN. Structure and function of the sinus node, AV node and His
bundle of the human heart: part I-structure. Prog Cardiovasc Dis
2002;45:235–67.
5. Truex RC, Smythe MQ. Comparative morphology of the cardiac
conduction tissue in animals. Ann N Y Acad Sci 1965;127:19–33.
6. Kwong KF, Schuessler RB, Green KG, et al. Differential expression of
gap junction proteins in the canine sinus node. Circ Res 1998;82:
604–12.
7. Chandler NJ, Greener ID, Tellez JO, et al. Molecular architecture of
the human sinus node: insights into the function of the cardiac
pacemaker. Circulation 2009;119:1562–75.
8. Sano T, Yamagishi S. Spread of excitation from the sinus node. Circ
Res 1965;16:423–30.
9. Bleeker WK, Mackaay AJ, Masson-Pevet M, et al. Asymmetry of the
sino-atrial conduction in the rabbit heart. J Mol Cell Cardiol 1982;
14:633–43.
0. Rohr S, Kucera JP, Fast VG, et al. Paradoxical improvement of
impulse conduction in cardiac tissue by partial cellular uncoupling.
Science 1997;275:841–4.
1. Efimov IR, Nikolski VP, Salama G. Optical imaging of the heart. Circ
Res 2004;95:21–33.
2. Cooper PJ, Kohl P. Species- and preparation-dependence of stretch
effects on sino-atrial node pacemaking. Ann N Y Acad Sci 2005;1047:
324–35. p3. Hadian D, Zipes DP, Olgin JE, et al. Short-term rapid atrial pacing
produces electrical remodeling of sinus node function in humans.
J Cardiovasc Electrophysiol 2002;13:584–6.
4. Gomes JA, Kang PS, El Sherif N. The sinus node electrogram in
patients with and without sick sinus syndrome: techniques and
correlation between directly measured and indirectly estimated sino-
atrial conduction time. Circulation 1982;66:864–73.
5. Hansson A, Holm M, Blomstrom P, et al. Right atrial free wall
conduction velocity and degree of anisotropy in patients with stable
sinus rhythm studied during open heart surgery. Eur Heart J 1998;19:
293–300.
6. Sanders P, Morton JB, Kistler PM, et al. Electrophysiological and
electroanatomic characterization of the atria in sinus node disease:
evidence of diffuse atrial remodeling. Circulation 2004;109:1514–22.
ey Words: atrial breakthrough y exit pathways y human sinoatrial
ode y optical mapping.
APPENDIX
or a supplementary table and figures,
lease see the online version of this article.
